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The differentiation of dental epithelia into enamel-producing ameloblasts or the root epithelial lineage compartmentalizes teeth
into crowns and roots. Bmp signaling has been linked to enamel formation, but its role in root epithelial lineage differentiation
is unclear. Here we show that cessation of epithelial Bmp signaling by Bmpr1a depletion during the differentiation stage
switched differentiation of crown epithelia into the root lineage and led to formation of ectopic cementum-like structures. This
phenotype is related to the upregulation of Wnt/�-catenin signaling and epithelial-mesenchymal transition (EMT). Although
epithelial �-catenin depletion during the differentiation stage also led to variable enamel defect and precocious/ectopic forma-
tion of fragmented root epithelia in some teeth, it did not cause ectopic cementogenesis and inhibited EMT in cultured dental
epithelia. Concomitant epithelial �-catenin depletion rescued EMT and ectopic cementogenesis caused by Bmpr1a depletion.
These data suggested that Bmp and Wnt/�-catenin pathways interact antagonistically in dental epithelia to regulate the root lin-
eage differentiation and EMT. These findings will aid in the design of new strategies to promote functional differentiation in the
regeneration and tissue engineering of teeth and will provide new insights into the dynamic interactions between the Bmp and
Wnt/�-catenin pathways during cell fate decisions.

The crowns of teeth of most mammals are covered by enamel,
the hardest material in the body, which is produced by epithe-

lium-derived ameloblasts and is essential for the chewing function
of teeth. In contrast, the roots of teeth are covered by a much softer
calcified tissue called cementum that is essential for the attach-
ment of teeth to jawbones. There are two types of cementum:
acellular cementum is found predominately on the coronal half of
the root, and cellular cementum occurs more frequently on the
apical half. Traditionally, both types of cementum are believed to
be solely derived from the mesenchymal cells surrounding the
tooth called dental follicle cells following the fragmentation of
root epithelia (1). However, recent lineage-tracing research has
indicated that some cementum-producing cells (cementoblasts)
may originate from dental epithelial cells (2). The differentiation
of ameloblasts starts once the tooth germ shape is determined
around the so-called bell stage of embryonic tooth development,
while the differentiation of the root epithelium cell lineage starts
much later after birth in mice. At the initiation stage of differen-
tiation of root epithelia, the dental epithelia extend apically to
form a transient bilayered structure called Hertwig’s epithelial
root sheath (HERS). The HERS layers proliferate and extend api-
cally and may guide the size, shape, and number of tooth roots by
interacting with the dental mesenchyme through a Smad4-Shh-
Nfic signaling cascade (3). Subsequently, HERS disintegrates into
epithelial cell rests of Malassez (ERM) (1) and contributes to the
formation of cementum either directly (2) or indirectly via se-
creted matrix proteins and signaling molecules (4).

The differentiation of dental epithelia in rodent incisors differs
from that in other teeth: ameloblasts are exclusively on the labial
surface analogous to the crowns, and the enamel-free lingual sur-
face is analogous to the roots of the other teeth (5). Epithelial stem

cell compartments are maintained at the apical ends of both sides
of the incisors to enable their continuous growth (6). It has been
proposed that epithelial dental stem cells can give rise to both
ameloblasts and the root epithelium cell lineage and that the dif-
ferentiation of the dental epithelial cells can be regulated indepen-
dently from the regulation of stem cell maintenance (7).

It is generally accepted that, like the early stages of tooth devel-
opment, the differentiation of dental epithelial cells is regulated
via interactions between dental epithelial and mesenchymal cells.
Bone morphogenetic protein (Bmp) signaling mediated by Bmp
receptor type 1a (Bmpr1a)/activin receptor-like kinase 3 (Alk3) is
essential for early tooth development by mediating the epithelial-
mesenchymal interaction in a feedback circuit that involves the
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Wnt/�-catenin pathway (8, 9). During the differentiation stage,
Bmp signaling is linked to amelogenesis in continuously growing
mouse incisors based on evidence from genetic manipulations of
follistatin, an inhibitor of both Bmp and transforming growth
factor � (TGF-�) pathways from the initiating stage of tooth de-
velopment (10), but the direct roles of this pathway in amelogen-
esis in molars and the differentiation of the root epithelial lineage
are unclear.

The aim of this study is to determine the direct roles of Bmp
signaling in differentiation of dental epithelia. By depletion of
epithelial Bmpr1a from the differentiation stage of tooth devel-
opment in an inducible transgenic mouse model, we show here
that the cessation of Bmp signaling promotes the differentia-
tion of crown epithelia into the root lineage or even cemento-
blast-like cells instead of ameloblasts. This phenotype is ac-
companied by an epithelial-mesenchymal transition (EMT)
and is dependent on the upregulation of Wnt/�-catenin signal-
ing. Consistently, �-catenin depletion in dental epithelia sig-
nificantly inhibited EMT and the differentiation into cemento-
blast-like cells. For the first time, we reveal the direct and
essential roles of the Bmp-Wnt interaction in the cell fate de-
cision of dental epithelia and the EMT regulation in vivo.

MATERIALS AND METHODS
Animals. Mice carrying the Keratin5 (Krt5)-rtTA (11) and tetO-Cre (12)
transgenes and the floxed Bmpr1a alleles (13) with or without the
Rosa26R allele or the floxed Ctnnb1 alleles (14) were placed on doxycy-
cline (Dox) chow (6 g/kg of body weight; Bio-Serv, USA) to induce gene
knockout or transgene expression. All animal procedures were performed
under a protocol approved by the IACUC committees of Texas A&M
Health Science Center (TAMHSC) and Scott & White Hospital.

Histology, X-Gal staining, immunohistochemistry, and in situ hy-
bridization. Tissue preparation, histology, immunohistochemistry
(IHC), immunofluorescence (IF) staining, in situ hybridization (ISH)
with digoxigenin-labeled probes and 5-bromo-4-chloro-3-indolyl-�-D-
galactopyranoside (X-Gal) staining were performed as previously de-
scribed (2, 15). The following antibodies were used for IHC or IF: Krt5
(ab5312; Abcam) (1:200), Krt14 (ab130102; Abcam) (1:1,000), Alk3 (LS-
C97656; Life Span) (1:100), phospho-Smad1/5/8 (catalog no. 9511; Cell
Signaling) (1:100), �-catenin (C7207; Sigma) (1:500), Bsp (bs-2668R;
Bioss) (1:200), collagen I (AB755P; Millipore) (1:1,000), N-cadherin (04-
1126; Millipore) (1:100), vimentin (ab45939; Abcam) (1:500), phospho-
Smad2 (AB3849; Millipore) (1:500), and phospho-Smad3 (ab51451; Ab-
cam) (1:200).

Backscatter scanning electron microscopy and micro-computed to-
mography analysis. Backscatter scanning electron microscopy (SEM)
was performed as previously reported (16). The micro-computed tomog-
raphy (�CT) imaging of samples was performed with a Skyscan-1174
scanner (SKYSCAN, Belgium), and the data were analyzed with OsiriX
imaging software (Pixmeo, Geneva, Switzerland) as previously described
(17).

Isolation and differentiation of incisor epithelial stem/progenitor
cells. Incisor epithelial stem/progenitor cells were isolated from the apical
ends of incisors from postnatal day 7 (P7) mice by incubation in 1 mg/ml
dispase and 1 mg/ml collagenase in phosphate-buffered saline (PBS) for
30 min at 37°C with shaking and cultured in the progenitor cell targeted
oral epithelial medium CnT-24 (Zen-Bio, USA). The nonepithelial cells
were depleted using three rounds of differential digestion with trypsin and
2 weeks of selective culture in CnT-24. The remaining epithelial cells were
placed in Matrigel (BD, USA) in CnT-24 to expand into spheres. Subse-
quently, in the presence of 1 �g/ml doxycycline, these sphere cells were
induced to differentiate in a 1:1 mixture of CnT-32 epithelial differentia-
tion medium (Zen-Bio, USA) and filtered conditioned medium from the

primary culture of apical-end cells mentioned above. Some cells were
treated with TGF-� signaling inhibitor SB431542 (Sigma) (10 �M). For
IF, cells were mounted on poly-L-lysine-coated coverslips. After 7 days of
Dox induction, in vitro mineralization and collagen synthesis of dental
epithelial stem/progenitor cells (DEpSCs) were induced under conditions
optimized for the cementoblast cell line OCCM.30 and quantified as re-
ported previously (18).

Quantitative reverse transcription-PCR analysis and statistics.
Quantitative reverse transcription-PCR (qRT-PCR) analysis of mRNA
was performed as previously reported (19) with primers from Prim-
erBank (http://pga.mgh.harvard.edu/primerbank). qRT-PCR analysis
of microRNAs was performed with TaqMan microRNA assays (Ap-
plied Biosystems, USA).

Western blotting. Nuclear and cytoplasmic proteins were extracted
from DEpSCs with NE-PER reagents containing inhibitors of protease
and phosphatase (Pierce, USA). Western blotting was done as reported
previously (19) with antibodies for �-catenin (Sigma) (1:2,000), phos-
pho-Smad2 (Millipore) (1:1,000), phospho-Smad3 (Abcam) (1:1,000),
and lamin A (Thermo Scientific) (1:200).

Statistics. All quantified data were analyzed using one-way analysis of
variance (ANOVA) followed by Tukey’s multiple-comparison test with
GraphPad Prism software. A P value of �0.05 is considered to be signifi-
cant.

RESULTS
Epithelial Bmpr1a/Alk3 knockout during the differentiation
stage caused enamel defects and the formation of ectopic cellu-
lar cementum-like structures on tooth crowns. Bmpr1a/Alk3 is
strongly expressed in the dental epithelia during the differentia-
tion stage (20). To block epithelial Bmp signaling during this
stage, we used the Keratin5 (Krt5)-rtTA (11) and tetO-Cre (12)
system to deplete epithelial Alk3 upon induction with doxycycline
(Dox) from embryonic day 14.5 (E14.5), approximately 1 day be-
fore the initiation of dental epithelial differentiation. In postnatal
day 7 (P7) teeth of Krt5-rtTA/tetO-Cre/Rosa26R mice induced
with Dox starting on E14.5, the expression of Cre reporter LacZ
was detected by X-Gal staining in most dental epithelial cells, in-
cluding ameloblasts and basal epithelia but not in cells of any
other lineages (see Fig. S1A and B in the supplemental material),
which verified the efficiency and specificity of Cre-mediated DNA
recombination in this system. Double immunofluorescence (IF)
staining of P7 teeth of Krt5-rtTA/tetO-Cre/Alk3fl/fl mice induced
with Dox from E14.5 (Alk3 knockout [AKO]) indicated that the
expression of phospho-Smad1/5/8 in Krt14� basal epithelial cells
of both molar crowns and incisor crown analog was clearly de-
creased compared to that in wild-type (WT) crown tissues (see
Fig. S1I to L).

In P42 AKO teeth, micro-computed tomography (�CT) im-
aging (Fig. 1A) and backscatter scanning electron microscopy
(SEM) (Fig. 1B) indicated that the enamel formation in both mo-
lars and incisors was severely impaired. The crowns of the AKO
molars were rough and covered by porous structures with low
radiopacity in many regions when observed by SEM (arrow in Fig.
1B). These porous structures had no blood supply (Fig. 1C) and
were closely attached to dentin, which are unique features of cel-
lular cementum compared with bone. At the labial side of AKO
incisors, the enamel was absent, and the dentin was fragmented in
many places (Fig. 1A). The dentin of incisors was remarkably and
irregularly thickened, which made pulp chambers much narrower
and distorted (Fig. 1A and B). The histology of decalcified teeth
was examined by Masson’s trichrome (TRI) staining, which pro-
duces red stains on cells and preenamel and blue stains on colla-
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gen-abundant structures, including dentin and cementum. Decal-
cification removed the enamel completely and left smooth
surfaces of crown dentin in wild-type molars, but the crown den-
tin in AKO molars was covered with small pits and blue-stained
irregular prominences (Fig. 1C). Notably, the cementum in AKO
molar roots appeared much thicker than that in WT roots and was
separated from dentin at multiple places with many Krt5� cells
embedded between (Fig. 1C and D). At the labial sides of the AKO
incisors, the red-stained ameloblasts and preenamel were replaced
in many regions by blue-stained and cell-containing irregular sub-
stances that appeared similar to the cellular cementum in molar
roots of wild-type mice (Fig. 1C). Similar to that in AKO molar
roots, many of these embedded cells in AKO incisors were Krt5�

(Fig. 1D), suggesting that epithelium-originated cells might di-
rectly contribute to the formation of ectopic cementum-like
structures as well as to the enhanced orthotopic cementogenesis.
The apoptosis of root epithelia was not significantly affected by
Alk3 depletion as indicated by terminal deoxynucleotidyltrans-
ferase-mediated dUTP-biotin nick end labeling (TUNEL) stain-
ing (see Fig. S2A in the supplemental material). However, prolif-
eration was increased in root epithelial region of AKO teeth as
indicated by IHC for proliferating cell nuclear antigen (PCNA)
(see Fig. S2B), which is consistent with the report that Bmp4 in-
hibited proliferation and elongation of HERS (21) and the en-
hanced epithelium-originated cementogenesis in AKO teeth.

To determine the identity of these ectopic cementum-like
structures in AKO mice, we collected tooth samples on P7 or P14
when crown epithelia on WT molars are still present. In situ hy-
bridization (ISH) assays confirmed the effective depletion of Alk3
mRNA and the significant downregulation of Msx2, a Bmp-regu-
lated transcription factor essential for amelogenesis (22), in the
crown epithelia of P7 AKO mice (Fig. 2A, B, and E to H). Ameloge-
nin (Amelx) is a marker of ameloblasts and is regulated by the

Bmp-Msx2 pathway. ISH indicated that Amelx was highly ex-
pressed in labial incisor epithelia (except for the cervical loop) and
the molar crown epithelia in P7 WT mice but was absent in the
majority of crown epithelia from P7 AKO mice (Fig. 2C and D).
�1 type I Collagen (Col1a1) is expressed by both cementoblasts
and dentin-producing odontoblasts, whereas Bone sialoprotein
(Bsp) is expressed by cementoblasts and osteoblasts. In P7 or P14
samples, both markers were absent in the epithelia on the molar
crowns and the labial side of incisors in WT mice but were strongly
expressed in many cells at both locations in AKO mice (Fig. 2I to
P), verifying the ectopic cementogenesis in tooth crowns of AKO
mice.

Alk3 knockout in crown epithelia switched their differentia-
tion into the root lineage and cementoblast-like cells and pro-
moted the epithelial-mesenchymal transition. To explore the
mechanism of ectopic cementogenesis in AKO mice, we examined
the morphology of crown epithelia by ISH or IHC for Krt14 in
tooth samples of P7 and P14 AKO mice induced from E14.5. In
many places of the molar crown and the labial side of incisors in P7
AKO mice, the brush-shaped Krt14� ameloblasts were replaced by
layers of flat Krt14� cells similar to HERS (Fig. 3A, orange arrow-
heads). On P14, when Krt14� epithelial cell rests of Malassez
(ERM) are formed at the lingual side of WT incisors and around
roots of WT molars, fragmented Krt14� cell clusters were present
at the labial side of AKO incisors and on crowns of AKO molars in
addition to root regions (Fig. 3B, orange arrowheads). The preco-
cious fragmentation of dental epithelia appears not to be caused
by apoptosis, since no obvious apoptosis was found in AKO dental
epithelia (see Fig. S2A in the supplemental material). Notably, the
ERM-like Krt14� cell clusters around roots of AKO molars were
significantly enlarged compared to ERM in WT roots (Fig. 3B),
which is related to increased proliferation of root epithelial cells

FIG 1 Radiological and histological analyses of enamel defects and ectopic cellular cementum-like structures in AKO teeth. Krt5-rtTA/tetO-Cre/Alk3fl/fl (Alk3
KO [AKO]) mice and wild-type (WT) littermates were induced with Dox starting on E14.5. (A and B) Tooth samples were collected on P42 for �CT imaging (A)
to examine molar surfaces or sagittal tooth sections or for backscatter SEM to show ultrastructures (B) with the green-outlined insert depicting the cellular
cementum in a WT molar. (C and D) Sections of decalcified teeth were analyzed with TRI staining (C) or Krt5 IHC (D).
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(see Fig. S2B) and might contribute to the thickened cementum
containing Krt5� cells in AKO molar roots (Fig. 1C and D).

In both human and mouse teeth, some cells in the intact HERS
coexpress epithelial markers and mesenchymal markers such as
N-cadherin (N-cad) and vimentin (Vim) (23, 24), which suggest
the possibility of epithelial-mesenchymal transition (EMT) in
HERS during root development. In AKO teeth, we noticed that
many Krt14� dental epithelial cells on the molar crowns and at the
labial side of incisors invaginated toward or into the dental pulps
(Fig. 3A, black arrows). Double IF staining detected the expression
of N-cad and Vim in some Krt14� crown epithelia of AKO teeth
but not in that of WT teeth (Fig. 3C and D). Meanwhile, IF stain-
ing indicated that the expression of E-cadherin in basal epithelia of
AKO tooth crowns was much lower than that in corresponding
WT cells (Fig. 3E). Collectively, these data indicated the differen-
tiation of AKO crown epithelia into the root lineage and also sug-
gested the EMT in AKO crown epithelia.

It has also been suggested that some HERS cells undergo an
EMT to become cementoblasts based on in vitro and ex vivo data
(23, 25–27). In AKO tooth crowns at various stages, some Krt14�

or Krt5� cells were embedded within calcified materials (green
arrow in Fig. 3A and arrows in Fig. 1D). Double IF staining indi-
cated that in WT teeth, collagen I (Col1) protein was expressed in
dentin, cementum, and mesenchymal cells but not in Krt14� cells
(Fig. 3F), whereas Bsp protein was expressed in cementum adja-
cent to Krt14� ERM cells but not in crown epithelia (Fig. 3G). In
crowns of AKO teeth, the expression of Col1 and Bsp was colocal-
ized or adjacent to Krt14� cells embedded within hard materials
(Fig. 3F and G), suggesting the differentiation of some AKO crown
epithelia to cementoblast-like cells.

To determine the origin of ectopic cementoblasts in AKO
mice, we introduced the Rosa26R (R26R) reporter into the AKO

strain to label the progeny of Alk3-depleted epithelial cells with
lacZ expression. In sections of P7 and P14 AKO/R26R teeth in-
duced with Dox from E14.5, X-Gal staining indicated that most
crown lacZ� cells were flat basal epithelia, whereas residual col-
umn-shaped cells with the typical ameloblast morphology were
mostly lacZ� cells (see Fig. S1C to H in the supplemental mate-
rial), suggesting the inhibition of amelogenesis by Alk3 depletion
is likely to be cell autonomous. Many crown lacZ� cells invagi-
nated or immigrated into the calcified tissues or dental pulps (see
Fig. S1C to F, black arrows). Particularly, some pieces of calcified
tissues were surrounded only by lacZ� cells but not by lacZ� cells
(see Fig. S1E, black arrowhead), suggesting epithelium-originated
cementogenesis. However, the majority of cells embedded in these
ectopic cementum-like structures were lacZ� cells, and both the
crown dentin and the crown epithelial layer were fragmented at
multiple locations (Fig. 3B; also see green arrows in Fig. S1E to H),
suggesting that most of these ectopic cementoblast-like cells were
originated from the mesenchymal cells from dental pulp or dental
follicle.

Alk3 depletion in isolated incisor dental epithelial stem cells
similarly promoted EMT and differentiation into the root lin-
eage and cementoblast-like cells. To further determine the iden-
tity of AKO dental epithelia, we isolated dental epithelial stem/
progenitor cells (DEpSCs) from the apical ends of incisors of WT
or noninduced Krt5-rtTA/tetO-Cre/Alk3fl/fl mice (Fig. 4A) with a
method established recently (28). IF staining indicated that most
isolated cells were Krt14� (Fig. 4B) (98.6% � 0.5% Krt14� cells
[mean � standard error of the mean], n 	 3). Quantitative RT-
PCR (qRT-PCR) indicated that the mRNA copy number ratio of
the epithelial marker Krt5 and the mesenchymal marker Vim in
the isolated cells was dramatically higher than that in cultured
primary incisor apical-end cells containing both cell types

FIG 2 In situ hybridization for markers of ameloblasts and cementoblasts in AKO teeth. (A to P) Tooth samples were collected from WT and AKO mice induced
from E14.5 on P7 (A to L) or P14 (M to P) for ISH of Alk3 (A and B), the ameloblast marker Amelx (C and D), the Bmp target gene Msx2 (E to H), and
cementoblast markers Col1a1 (I to L) and Bsp (M to P). Panels E to P have the same magnification as panels A and B.
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(Fig. 4C) (P � 0.0001, n 	 3), further confirming the efficient
depletion of mesenchymal cells by this method. Compared to WT
DEpSCs before differentiation, in WT cells cultured for 7 days
with differentiation medium containing Dox, the expression of
stem cell markers Bmi1 (29) and c-Kit was significantly down-
regulated, whereas the expression of ameloblast markers Amelx
and Msx2 and mesenchymal markers N-cad and Vim was all sig-
nificantly upregulated (Fig. 4D) (P � 0.01, n 	 3), suggesting that
these DEpSCs could give rise to both the ameloblast and root
epithelium lineage under this differentiation condition as pro-
posed (7).

Compared to WT cells after differentiation, in similarly treated
AKO cells, the expression of Alk3 and Msx2 was significantly de-
creased, which confirmed the efficient blockade of Bmp signaling
in these cells. In differentiated AKO cells, the expression of Amelx
and E-cad was significantly decreased, whereas the expression of
N-cad, Vim, and the cementoblast markers Col1a1 and Bsp was
significantly increased (Fig. 4E) (P � 0.01, n 	 3), consistent with
the differentiation of crown epithelia toward HERS and cemento-
blast-like cells instead of ameloblasts observed in vivo. qRT-PCR
also revealed the significant upregulation of multiple pro-EMT
factors, including Matrix metallopeptidase 2 (Mmp2), Periostin

FIG 3 Morphology and differentiation of dental epithelia in AKO teeth. (A to G) P7 and P14 tooth samples were collected from WT and AKO mice induced from
E14.5 for ISH or IHC of Krt14 (A and B) or double immunofluorescence staining of Krt14 and N-cadherin, vimentin, E-cadherin, collagen I or Bsp (C to G). The
nucleus was counterstained with 4=,6=-diamidino-2-phenylindole (DAPI) (blue) in panels C to G.
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(Postn), Snai1, Twist, and Zeb1 (30) in AKO cells (Fig. 4F) (P �
0.01 for all genes, n 	 3). Conversely, the expression of the EMT
inhibitor Tiam1, a gene required for adherens junction mainte-
nance (31), was significantly decreased in AKO cells (Fig. 4F) (P �
0.01, n 	 3). Meanwhile, the expression of miR-200a and miR-
200b, microRNAs that are induced by Bmp signaling (32) and are
essential for stabilizing the epithelial state and inhibiting the EMT
by targeting pro-EMT factors (33), was also significantly down-
regulated in AKO cells (Fig. 4F) (P � 0.01, n 	 3). The efficient
depletion of Alk3 protein and the inhibition of Bmp signaling in
cultured AKO epithelia were further verified by IF staining for
Alk3 and phospho-Smad1/5/8 (Fig. 4G to J). Double IF staining
indicated that Vim and Col1 were expressed in a few Krt14� WT
dental epithelia and many more Krt14� AKO cells, which con-
firmed that the upregulation of these genes by epithelial Alk3 de-
pletion did happen in epithelia and was not a secondary effect

caused by residual mesenchymal cells in the culture (Fig. 4K to N).
IF staining also indicated the relocation of �-catenin protein from
membrane to cytoplasm and nucleus in AKO cells compared to
WT cells (Fig. 5C). Taken together, we detected all 5 types of
markers for EMT (34) in AKO cells, including cell surface proteins
(downregulation of E-cad and upregulation of N-cad), cytoskel-
etal markers (upregulation of Vim and relocation of �-catenin),
extracellular matrix (ECM) proteins (upregulation of Col1, Bsp,
MMP2 and Postn), transcription factors (upregulation of Snai1,
Twist, and Zeb1), and microRNAs (downregulation of miR-200a/b),
confirming the promotion of EMT in dental epithelia by Alk3
depletion.

To examine the potential of DEpSCs to differentiate into ce-
mentum-producing cells, we examined in vitro mineralization
and collagen synthesis of these cells with conditions optimized for
the cementoblast cell line OCCM.30 (18). von Kossa staining and

FIG 4 Effects of Alk3 depletion on expression of differentiation markers and EMT-related genes in cultured dental epithelia. (A to N) Dental epithelial stem cells
(DEpSCs) were isolated from the apical ends of incisors of P7 AKO and WT mice that were not exposed to Dox, expanded as spheres, and induced to differentiate
in the presence of Dox for 7 days (A) for qRT-PCR (C to F), IF staining of Krt14 (B), Alk3 (G and H), or phospho-Smad1/5/8 (pSmad1/5/8) (I and J), or double
IF staining for Krt14 and vimentin (K and L) or collagen I (M and N). The error bars in panels C to E show standard errors of the means (error bars) (n 	 3 and
P � 0.05 for all genes examined). 2D, two-dimensional.
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quantitative calcium assay indicated that AKO but not WT
DEpSCs were capable of producing a few mineral nodules with
detectable calcium incorporation after culture under this condi-
tion for 14 days (see Fig. S3A in the supplemental material),
whereas Picrosirius red staining and quantitative collagen assay
indicated that collagen synthesis was detected in WT DEpSCs and
was significantly increased in AKO DEpSCs (see Fig. S3B). These
data suggested that WT DEpSCs have limited potential to produce
cementum, but this potential was significantly increased in AKO
DEpSCs.

Epithelial Alk3 knockout promoted the Wnt/�-catenin sig-
naling. Bmpr1a depletion in the kidney tubular epithelium en-
hances TGF-�1–Smad3 signaling and the EMT (35), but we did
not find significant upregulation of TGF-�/Smad signaling activ-

ity in cultured AKO dental epithelia compared to WT cells as
indicated by Western blotting for phospho-Smad2 or phospho-
Smad3 (Fig. 5A) and by qRT-PCR analysis of the TGF-� target
genes PAI1 and Itgb6 (36) (Fig. 5B). However, inhibiting TGF-�
signaling in AKO DEpSCs with SB431542 significantly repressed
the upregulation of mesenchymal markers (N-cad and Vim),
some pro-EMT factors (Mmp2, Postn, and Zeb1), and cemento-
blast markers (Bsp and Col1a1) by Alk3 depletion but did not
significantly affect the downregulation of Amelx, Ecad, and Tiam1
and the upregulation of other pro-EMT factors (Snai1 and Twist)
by Alk3 depletion (see Fig. S4 in the supplemental material). These
data suggested that the basal level of TGF-� signaling activity is
required for the EMT and differentiation switch of AKO dental
epithelia but is not the cause of these events.

FIG 5 Depletion of Alk3 in dental epithelial upregulated activity of Wnt/�-catenin signaling but not that of TGF-� signaling. (A to C) AKO and WT DEpSCs
were induced as described in the legend to Fig. 4 and analyzed by Western blotting of nuclear proteins (A), qRT-PCR (B), or IF (C) to examine the expression of
genes related to the Wnt/�-catenin pathway or the TGF-� pathway (n 	 3 in each assay) (n.s., not significant; �, P � 0.05). (D) P7 WT and AKO teeth were
examined with double IF for �-catenin and Krt14.
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Wnt/�-catenin signaling is essential for the EMT by upregulat-
ing pro-EMT transcription factors such as Snai1 and Twist (37).
Bmp/Smad4 signaling negatively regulates Wnt/�-catenin signal-
ing in lung epithelial cells by inducing the Wnt inhibitor Wif1
(38), in hair bulge epithelial stem cells by inhibiting the expression
of Wnt7a and Wnt7b (39), in intestinal epithelial cells by directly
inhibiting transcription of the �-catenin gene (40), or in nasopha-
ryngeal carcinoma cells by inducing miR-200a to suppress
�-catenin translation (41). Western blotting and qRT-PCR assay
indicated that the level of nuclear �-catenin protein and mRNA
(Ctnnb1) in AKO dental epithelia was significantly upregulated
(Fig. 5A and B). Nuclear translocation of �-catenin was observed
by IF in cultured AKO DEpSCs (Fig. 5C) and in some Krt14� basal
epithelial cells on AKO tooth crowns (Fig. 5D, arrows), indicating
activation of the Wnt/�-catenin pathway. Consistent with find-
ings in other epithelial cells, in AKO cells the expression of Wnt
inhibitor Wif1 was significantly downregulated, whereas the ex-
pression of Wnt ligands Wnt7a and Wnt7b and Wnt target genes,
including Cyclin D1 (Ccnd1) (42), Follistatin (Fst) (43), and Nog-
gin (Nog) (44), was significantly upregulated (Fig. 5B) (P � 0.01,
n 	 3). In addition, the upregulation of Postn and the downregu-
lation of E-cad and Tiam1 (Fig. 4E and F) in AKO dental epithelia
also contributed to the upregulation of Wnt/�-catenin signaling
by recruiting Wnt ligands (45) and releasing �-catenin from ad-
hesion complexes (37), respectively. Other mechanisms such as
decreased sequestration of Dvl-1 from the Wnt signaling cascade
by phosphorylated Smad1 (46) might also be involved. Collec-
tively, these data indicated that the depletion of Alk3 in dental
epithelia leads to upregulation of Wnt/�-catenin signaling.

Epithelial �-catenin knockout led to defects of enamel and
root shape without ectopic cementogenesis in vivo and inhib-
ited EMT and cementogenesis in vitro. To examine the roles of
epithelial Wnt/�-catenin signaling in differentiation of dental ep-
ithelia, we generated Krt5-rtTA/tetO-Cre/Ctnnb1fl/fl inducible
�-catenin knockout (BKO) mice by crossing the mice and in-
duced them with Dox from E14.5. On P42, obvious enamel defect
was found in some molars and incisors (7 of 24 [29.2%]) of BKO
mice by �CT scanning, but the degrees were highly variable even
in samples from the same mouse possibly due to fluctuant effi-
ciency of depleting �-catenin (see Fig. S5B in the supplemental
material). In most severely affected P42 BKO teeth, �CT scanning
and backscatter SEM indicated that the labial enamel in incisors
had disappeared, whereas the labial dentin was fragmented; sim-
ilarly, the enamel in molar crowns was absent or much thinner in
many regions (Fig. 6A and B). At the labial side of these BKO
incisors, TRI staining indicated that red-stained ameloblasts and
preenamel were absent (see Fig. S5A in the supplemental mate-
rial), whereas IHC for Krt5 indicated fragmentation of labial epi-
thelia similar to that at the lingual side in 2 of 6 incisors examined
(Fig. 6E, arrows), which might be related to fragmentation of la-
bial dentin. Meanwhile, �CT scanning indicated that the shape of
all molar roots in BKO mice was distorted and the bifurcation of
roots was absent in most second and third molars (Fig. 6A and F,
n 	 18).

In P7 BKO samples induced from E14.5, ISH indicated that the
expression of Ctnnb1 was absent from part of the dental epithelia
and downregulated in much larger regions due to variable recom-
bination efficiency of the Cre/loxp system (see Fig. S5B in the
supplemental material). Dlx3 and Msx2 are transcription factors
required for amelogenesis (47) and regulated by the Wnt/�-

catenin pathway (48, 49). ISH of serial sections indicated that the
expression of these two factors and Amelx was significantly down-
regulated in Ctnnb1-negative epithelia in both molars and incisors
(Fig. 6C; see also Fig. S5C and D), suggesting that the Wnt/�-
catenin pathway is required for proper amelogenesis. However,
consistent with the lack of ectopic cellular cementum-like struc-
tures in P42 BKO teeth, expression of Col1a1 was not detected in
Ctnnb1-negative epithelia of P7 BKO tooth (Fig. 6D). Prolifera-
tion and apoptosis were not significantly affected in BKO root
epithelia (see Fig. S2 in the supplemental material), whereas Krt14
ISH indicated precocious fragmentation of root dental epithelia in
8 of 12 P7 BKO molars examined (Fig. 6E, arrows), which might
be related to the later root phenotype in BKO mice. This pheno-
type might be due either to impaired Wnt/�-catenin signaling or
to adhesion defects.

qRT-PCR assay of DEpSCs from WT and BKO samples con-
firmed downregulation of Ctnnb1 and amelogenesis-related
genes, including Amelx, Dlx3, and Msx2 (Fig. 6G) (P � 0.05, n 	
3). Interestingly, the expression of mesenchymal markers (N-cad
and Vim), cementoblast markers (Col1a1 and Bsp), and pro-EMT
genes (Snai1, Twist, Zeb1, and Postn) in cultured BKO dental ep-
ithelia was also significantly decreased (Fig. 6G and H) (P � 0.01,
n 	 3), whereas the expression of epithelial marker E-cad was not
significantly affected (P 
 0.05), suggesting inhibition of EMT
and epithelium-originated cementogenesis. Consistently, the col-
lagen deposition by BKO DEpSCs was significantly decreased than
that by WT cells (see Fig. S3B in the supplemental material). The
expression of Wnt target gene Tiam1 was significantly downregu-
lated too (P � 0.05), which might contribute to fragmentation of
dental epithelia by impairing maintenance of adherens junctions
together with the depletion of �-catenin. In contrast to the up-
regulation of Fst and Nog in AKO cells, in BKO cells, the expres-
sion of Fst, Nog, and another secreted inhibitor of Bmp and Wnt
pathways, Sostdc1 (50), was significantly decreased, whereas the
expression of Bmp receptor 1b (Bmpr1b/Alk6) was significantly
upregulated (Fig. 6I) (P � 0.01, n 	 3).

Taken together, these data suggested that Wnt/�-catenin sig-
naling is required for both amelogenesis and EMT of dental epi-
thelia.

Concomitant depletion of �-catenin rescued the EMT and
ectopic cementogenesis caused by Alk3 depletion. To determine
whether the EMT and consequent ectopic cementogenesis caused
by Alk3 depletion is dependent on the upregulation of �-catenin
signaling, we generated Krt5-rtTA/tetO-Cre/Alk3fl/fl/Ctnnb1fl/fl in-
ducible compound knockout (CKO) mice and induced them with
Dox starting on E14.5. �CT scanning and TRI staining showed
mild enamel defects in some P42 CKO teeth, but the ectopic cel-
lular cementum-like structures were not observed (Fig. 7A to D
compared to corresponding data of WT and AKO teeth in Fig. 1A
and C). Proliferation and apoptosis were not significantly affected
in CKO dental epithelia (see Fig. S2 in the supplemental material).
ISH for Krt14 indicated that in P7 CKO teeth, some column-
shaped crown epithelial cells were replaced by flatter epithelia
similar to that in AKO samples, but no invagination or immigra-
tion of Krt14� epithelia was observed (arrows in Fig. 7E and F
compared to Fig. 3A), suggesting the absence of EMT. ISH of serial
sections of CKO teeth for Msx2, Amelx, and Col1a1 indicated that
although the expression of Msx2 and Amelx was significantly
downregulated in some regions as in AKO samples (Fig. 7G to J
compared to Fig. 2C to H), the expression of cementoblast marker
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Col1a1 in these regions was not significantly upregulated as in
AKO teeth (Fig. 7K and L compared to Fig. 2I to L), suggesting the
absence of ectopic cementogenesis.

Tooth phenotypes and the penetrance of enamel defects (ED)
or ectopic cellular cementum-like structures (ECC) in WT, AKO,

BKO, and CKO mice at both P7 (16 lower teeth from 2 mice) and
P42 (24 lower teeth from 3 mice) were summarized in Fig. 8A and
B. Fisher’s exact test indicated that the differences of ED pen-
etrance at both P7 and P42 are significant between each group
(P � 0.05) except that between BKO and CKO groups. The dif-

FIG 6 Effects of epithelial �-catenin (�cat) depletion on amelogenesis, EMT, and cementogenesis. P42 WT or BKO teeth were examined with �CT scanning (A
and F), backscatter SEM (B), or IHC for Krt5 (E). P7 WT or BKO teeth were examined with ISH for Amelx (C), Col1a1 (D), and Krt14 (E). (G to I) WT and BKO
DEpSCs were induced as described in the legend to Fig. 4 and analyzed with qRT-PCR for expression of genes related to amelogenesis or cementogenesis (G),
EMT (H), and the Bmp pathway (I) (n 	 3 and P � 0.05 for all genes except E-cad).
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ferences of ECC penetrance are significant between AKO and all
other groups (P � 0.01) and between the P7 CKO group and the
P7 WT or BKO group (P � 0.05) but are not significant between
the P42 CKO group and the P42 WT or BKO group (P 
 0.05).

In cultured CKO dental epithelia, qRT-PCR (Fig. 7M) (n 	 3)
indicated that the levels of expression of Alk3, Ctnnb1, Amelx,
Msx2, and Bsp were all significantly decreased (P � 0.01), whereas
the expression of Col1a1, E-Cad, N-Cad, and Vim was not signif-
icantly changed (P 
 0.05), suggesting that concomitant depletion
of �-catenin and Alk3 inhibited differentiation into ameloblasts
but did not promote differentiation into the typical root lineage
expressing mesenchymal markers or cementoblast-like cells. For
EMT-related genes (Fig. 7N) (n 	 3), although the expression of
anti-EMT gene Tiam1 was significantly downregulated (P �
0.05), the expression of pro-EMT genes was either not signifi-
cantly affected (MMP2 and Postn; P 
 0.05) or even downregu-
lated (Snai1, Twist, and Zeb1; P � 0.05), indicating the absence of
EMT. Consistently, no significant difference in the formation of
mineral nodules, calcium incorporation, and collagen deposition
was observed between WT and CKO DEpSCs (see Fig. S3 in the
supplemental material). Similar to that in BKO cells, in CKO cells,

the expression of Fst, Nog, and Sostdc1 was significantly decreased
and that of Bmpr1b/Alk6 was significantly upregulated compared
to either WT or AKO cells (Fig. 7O) (P � 0.01, n 	 3). Changes of
these Bmp-related genes may contribute to the rescue of pheno-
types caused by Alk3 depletion.

Collectively, these data showed that Alk3 was sufficiently de-
pleted in CKO dental epithelia, but the EMT and ectopic cemen-
togenesis were rescued by the concomitant depletion of �-catenin,
indicating that these effects of Alk3 knockout are dependent on
the upregulation of the Wnt/�-catenin pathway.

DISCUSSION

The molecular control of the differentiation of dental epithelia to
the root lineage is unclear yet. In mouse incisors transplanted into
kidney capsule, conventional knockout of fibroblast growth factor
10 (FGF10) leads to the loss of the dental epithelial stem cell com-
partment at the apical end of the crown analog (the labial side) and
the transition from crown analog to root analog (51). However, it
is not clear whether the disappearance of FGF10 regulates dental
epithelium differentiation directly or only indirectly through dis-
ruption of the epithelial stem cell compartment. On the other side,

FIG 7 The EMT and ectopic cementogenesis caused by Alk3 depletion is dependent on Wnt/�-catenin signaling. Krt5-rtTA/tetO-Cre/Alk3fl/fl/Ctnnb1fl/fl

compound knockout (CKO) mice were induced with Dox from E14.5. (A to D) P42 CKO tooth samples were analyzed with �CT imaging (A, C, and D) and TRI
staining (B). (E to L) P7 CKO tooth samples were analyzed with ISH for Krt14 (E and F), Msx2 (G and H), Amelx (I and J), and Col1a1 (K and L). Panels F to L
are the same magnification as in panel E. (M to O) CKO and WT DEpSCs were induced as described in the legend to Fig. 4 and analyzed by qRT-PCR for the
expression of genes related to differentiation (M), the EMT (N), and the Bmp pathway (O) (n 	 3 and P � 0.05 for all genes not labeled with n.s.).
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Bmp signaling is required for ameloblast differentiation of crown
epithelia (10), but whether cessation of Bmp signaling is sufficient
to induce differentiation of dental epithelia to the root lineage is
unclear. Here we show that knockout of Bmpr1a/Alk3 in dental
epithelia at the differentiation stage switched the fate of crown
epithelia to the root lineage in a �-catenin-dependent manner,
suggesting that cessation of epithelial Bmp signaling and/or up-
regulation of Wnt/�-catenin signaling are essential molecular
switches to initiate differentiation of dental epithelia to the root
lineage (Fig. 8C).

In support of our hypothesis, at E17.5 late bell stage, the ex-
pression of Bmp inhibitor Noggin is localized to the dental epithe-
lium on the lingual side in the incisor (future root analog) and the
external enamel epithelium of the molar (52) that was recently
proposed to be the major source of HERS (53); in E18 incisors, at
the lingual side, the expression of Bmp ligands is much lower,
whereas the expression of Bmp/TGF-� inhibitor Fst is much
higher than those at the labial side (10); in newborn mouse mo-
lars, Bmp ligands were detected in odontoblasts with seemingly
lower intensity at the future apical end, whereas Fst was restricted

to the cervical regions (54). On the other hand, the expression of
Wnt reporter Axin2-LacZ concentrated around the developing
roots (55), suggesting a high level of Wnt signaling activity in this
region. Wnt10a and Wnt10b are highly expressed by differentiat-
ing odontoblasts before and during differentiation of root epithe-
lia (17, 56). We found that DEpSCs also express Wnt7a and
Wnt7b that was upregulated by Alk3 depletion. Hence, multiple
Wnt ligands from both dental epithelial and mesenchymal cells
might be involved in the differentiation to the root epithelial lin-
eage.

It has been suggested that some HERS cells undergo EMT in
vivo (23, 24) and that isolated root epithelial cells can differentiate
into cementoblasts via EMT in vitro or ex vivo (23). Here we pres-
ent the first in vivo evidence that some crown epithelia underwent
EMT and differentiated into root lineage and cementoblast-like
cells when epithelial Bmp signaling was blocked by the depletion
of Bmpr1a. The role of Bmpr1a-mediated Bmp signaling in EMT
appears to be context dependent: during human skin wound heal-
ing and mouse cardiac cushion development, Bmp2-Bmpr1a sig-
naling promoted EMT (57, 58); conversely, during renal fibrosis,
constitutively active Bmpr1a stimulated E-cad expression and re-
versed TGF-�1-induced EMT through direct antagonism (59),
whereas Bmpr1a depletion in tubular epithelium enhanced TGF-
�1–Smad3 signaling and EMT (35). Although TGF-� signaling
activity was required for upregulation of pro-EMT factors and
mesenchymal markers in AKO DEpSCs, it was Wnt/�-catenin,
not TGF-�, signaling activity that was significantly upregulated by
Alk3 depletion. The upregulation of Fst, an inhibitor of both
TGF-� and Bmp pathways and a Wnt target gene, may contribute
to the lack of upregulation of TGF-� signaling in AKO dental
epithelia. Wnt/�-catenin signaling is essential for EMT in various
contexts by the direct induction of multiple pro-EMT genes to
repress E-cad expression or promote E-cad degradation (37).
Concomitant depletion of �-catenin rescued the EMT and ectopic
cementogenesis on tooth crowns caused by Alk3 depletion, indi-
cating the dependence of these processes on �-catenin signaling.

The Bmp and Wnt/�-catenin pathways interact at multiple
levels in various cellular contexts. At early stages of tooth morpho-
genesis, the Wnt-Bmp feedback circuit accounts for reciprocal
epithelial-mesenchymal signaling interactions (9). Later, during
odontoblast differentiation, Smad4-mediated inhibition of Wnt/
�-catenin signaling controls the fate of cranial neural crest cells
(60). Our data indicated that in dental epithelia at the differenti-
ation stage, Bmp signaling inhibits Wnt/�-catenin signaling
through multiple mechanisms, whereas Wnt/�-catenin signaling
conversely represses Bmp signaling by induction of secreted in-
hibitors of Bmp/TGF-� pathways. As suggested by the disruption
of labial cervical loops in P7 AKO incisors, the maintenance of
incisor epithelial stem cells was also affected by the manipulation
of the Bmp pathway, which is beyond the scope of this research.
Nevertheless, the similar differentiation defects in molars and in-
cisors of AKO mice suggested that the roles of Bmp signaling in the
differentiation of incisor epithelial cells are similar to those in
molars and are likely independent from its roles in the regulation
of dental epithelial stem cells.

In K14-Cre/Smad4fl/fl tooth transplants, HERS enlarges but
cannot elongate to guide root development (3). In our AKO mice
induced from E14.5, despite the precocious formation and frag-
mentation of HERS-like structures on tooth crowns and the en-
largement of the ERM-like structures in tooth roots, the elonga-

FIG 8 Schematic summary and hypothesis of roles of Bmp and Wnt signaling
in the differentiation of dental epithelia. (A) Schematic summary of tooth
phenotypes in WT, AKO, BKO, and CKO mice. (B) Penetrance of enamel
defects or ectopic cellular cementum-like structures in these strains (n 	 16
[P7] or 24 [P42]). ND, not detected. (C) Hypothesis on roles of Bmp and Wnt
signaling in the differentiation of dental epithelia. Strong Bmp signaling in
crown/labial dental epithelia collaborates with weak Wnt signaling to trigger
amelogenesis. The balance of strong Wnt signaling and weak Bmp signaling in
apical/lingual dental epithelia promotes formation of HERS/ERM via changes
in adhesion properties. Cessation of Bmp signaling in dental epithelia pro-
motes precocious formation of HERS/ERM and epithelium-originated ce-
mentogenesis via EMT mediated by upregulation of Wnt signaling. Basal
TGF-� signaling activity is required for both HERS/ERM formation and EMT.
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tion of orthotopic HERS and the shape, size, and number of roots
were not significantly affected. These differences suggested that
the TGF-� pathway, earlier effects of Bmp signaling, or some
other unknown Smad4-mediated signaling in dental epithelia was
sufficient to guide HERS elongation and root formation in the
absence of Bmp signaling in HERS. Further experiments such as
inducible knockout of TGF-� receptor in dental epithelia will help
to clarify this issue.

In conclusion, our data suggested that the Bmp and Wnt/�-
catenin pathways are mutually inhibitory in dental epithelia dur-
ing the differentiation stage, and their interactions determine the
differentiation of dental epithelia to ameloblasts, the root lineage,
and probably cementoblasts. These findings will aid in the design
of new strategies to promote functional differentiation in the re-
generation and tissue engineering of teeth.
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